This paper aims to evaluate the working parameters and try to make an optimized use of the parameters which affect the measurement accuracy of airborne scanner. First, based on response surface method, three levels of configuration values of each parameter are selected, respectively, and 53 response surface experiments are designed. Second, threedimensional coordinate errors of the scan points in each response surface experiment are calculated by comparing the coordinates measured by airborne scanner and common measuring apparatus. Third, by analyzing the experimental error through response surface method, the optimum configuration values of the parameters are determined. Meanwhile, the configuration characteristics and change laws of each parameter on three-dimensional coordinate errors are also realized. Results show that the most influencing parameters are flight height, flight speed, ground feature, aspect angle, scan frequency, and course angle. The optimum values for these parameters are found to be 46.14 m/s for flight speed, type 2 for ground feature, 88 Hz for scan frequency, 54.4°for course angle, 24.12°for aspect angle, and 215.92 m for flight height. The verification experiments showed that the predicted values from the response surface method are quite close to the experimental values, which validate the proposed approach.
Introduction
Airborne scanning technology is a new remote sensing technology developed in recent years. It can quickly acquire digital surface models (DSMs) and digital ground models with high precision and spatial resolution. 1, 2 There is an increasing number of applications of airborne scanner in, for example, geodesy, engineering surveying, urban modeling, and disaster assessment. [3] [4] [5] [6] However, it is realized that the airborne scanning technology cannot be well applied unless the three-dimensional (3D) coordinate errors are well handled. The 3D coordinate errors affecting the measurement accuracy of airborne scanner mainly come from the following three uncertainty sources: (1) the differences of sensitivity of various measurement sensors contained in airborne scanner system; [7] [8] [9] (2) the system integration error, such as timing error of timing system, [10] [11] [12] or interpolation error due to different scanning rates; 13, 14 and (3) calculation error, such as truncation error and rounding error. 15, 16 Usually, if the hardware of the airborne scanner system is known, these three kinds of measurement errors can be determined in the scanning process. However, in the process of scanning, which also needs computer calculations for the 3D coordinates, there are still more working parameters that need to be evaluated. This includes the flying height of the aircraft, the flying speed, the latitude and longitude of the aircraft, the scanning frequency of the scanner, the aspect angle of the aircraft, the course angle of scan point, and the ground feature (terrain fluctuations), which will indirectly affect the measurement accuracy of airborne scanner. Therefore, it is of great practical significance to reasonably design the setting values of various working parameters to make the measurement accuracy of the airborne scanner the best.
For analyzing the influences of these working parameters on measurement accuracy, cross-combination design and experiment studies are required. The response surface method (RSM) is one of the methods for comprehensive experimental design and mathematical modeling. [17] [18] [19] [20] Multivariate analysis methods can be found in Zhang et al. [21] [22] [23] It could effectively reduce the number of experiments and characterizes the interaction between different working parameters. However, it
has not yet applied in the airborne scanning technology. And its efficiency of identifying the most optimum values of working parameters for the measurement is still unknown. Thus, the significance of this work is justified.
In this paper, we aim to obtain the optimal configuration values of the working parameters, the configuration characteristics, and change laws of each parameter on 3D coordinate errors for the airborne scanning system by using RSM. This work intends to provide a guidance for engineers to understand and know how to improve the measurement accuracy of airborne scanner. The detailed research steps of this research are shown in Figure 1 .
Literature review
In this section, the existing research works in the literature related to airborne scanning errors are reviewed. The literature review includes three parts. The first part summarizes the literature about the working parameters affecting the measurement accuracy of airborne scanner. The second part discusses the use of RSM. The third part concludes the limitations of the past contributions.
Measurement accuracy of airborne scanner
In the past, a lot of research works have done on the analysis of the influence of various measurement errors on the accuracy of airborne scanner measurement. For example, such works include the influence of laser ranging error, 24, 25 the influence of attitude angle on measurement error of airborne platform, [26] [27] [28] ability of high-density laser scanning, 29, 30 and random measurement errors on airborne laser scanning (ALS) accuracy. 31, 32 Among these, Yang et al. 19 constructed a DSM by the global positioning system (GPS) and inertial measurement unit (IMU) integrated system, and evaluated the elevation accuracy of an ALS system. The conclusion showed the random attitude measurement accuracy of GPS, or IMU integrated system should be higher than 0.01 degrees (1 sigma) at least. Wu et al. 33 proposed a general realization method of laser ranging for micro-UAVs (unmanned aerial vehicles) and conducted the ranging experiments on measurement accuracy. The results showed the laser ranging error could be controlled and the measurement accuracy can be greatly improved with the proposed general realization method.
In addition, some literatures have studied the influence of the operating parameters on the accuracy of airborne scanner measurement. For example, in order to assess the influence of airborne scanning sensor and flight configurations on the ability to estimate the heights of trees, Naesset 34 utilized three different terrain models to test the effects of different preprocessing parameters on the ability to detect small trees. It was found that the standard deviation for the differences between laser-derived and field-measured tree heights was 0.16 to 0.57 m. It concluded that there are significant influences of parameters on the measurement accuracy when using airborne lasers for tree growth monitoring. Goodwin et al. 35 investigated the effect of a number of extrinsic parameters on the measurement accuracy of airborne scanner, including platform altitudes ranging, scan angles ranging,, and footprint sizes ranging. It concluded that the accuracy and coverage of scanner observations were highly dependent on both the extrinsic parameters of the airborne scanner and the underlying structure of survey ground. Watt et al. 36 analyzed the precision of regressions between scanner metrics and stand metrics (mean top height, Hz; volume, V; and mean diameter, D) under a range of pulse densities using digital terrain models representing two common scenarios. Wang et al. 37 studied the influence of attitude angle variation of airborne platform on the 3D imaging accuracy of airborne scanner. It concluded that attitude deviations had significant impact on the accuracy of reconstructed DSM and should be suppressed or compensated in real time with effective measurements.
RSM
RSM is a test design method proposed by Box and collaborators in chemical investigations in the 1950s. 38, 39 It is also an efficient method for experimental design and mathematical modeling. It can be used to achieve optimal design for the input parameters by conducting tests in some representative points and build the relationship function between input parameters and the output. 40 Comparing RSM with the widely used orthogonal experimental design method, 41 the orthogonal experiment cannot obtain the explicit function between the experimental input and output in the specified experiments. 42 Thus, the optimal combination of experimental factors and the optimal experimental output cannot be obtained. Moreover, when the test factors have more levels, the number of experiments needed in orthogonal design method is much more than that in RSM. The RSM has the advantages of few trials, short test period, high precision, high accuracy of regression equations, good prediction performance, and the ability to study the interaction between several factors. RSM is initially used in chemical experiments. 43, 44 In recent years, it becomes an optimization theory method and widely applied in chemical engineering, 45, 46 agricultural engineering, 18 civil engineering, 47, 48 food engineering, 45, 49 and other experiment sciences.
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Limitation of the past contributions and Beidou Navigation Satellite System in airborne scanning is quite rare. Moreover, most literatures on the measurement accuracy of airborne scanner are focusing on the sensitivity of various measurement sensors, system integration effect, and calculations, but the working parameters (i.e. flying height of the aircraft, speed, scanning frequency, aspect angle, course angle, and ground feature) which may also significantly affect the measurement accuracy are not studied in detail in previous works.
From the literature review of RSM, it is found that RSM has never been used in the researches on the influence of working parameters on measurement accuracy of airborne scanner. The experiments using RSM in previous researches are aiming to find the optimal values of each factor and its corresponding optimal responses. The optimal responses are always the maximum value of experiments. However, the target of the current work in this paper is to find the minimum value of coordinate error corresponding to the working parameters. The use of RSM on this topic has never been reported.
From the literature, it was found that there is no detailed report in the research about the evaluation and optimization of parameters affecting the measurement accuracy of airborne scanner. It is demanded to have a systematic research on analyzing the influence of the working parameters on the measurement accuracy in airborne scanning process and how to make optimizations in the parameter setting by using the RSM.
Theoretical analysis

Measurement principle of airborne scanning
Measuring devices including scanner, inertial measurement devices, and Beidou navigation satellite system are fixed on the mounting platform of the aircraft. Figure 2 illustrates the airborne scanner using the line scanning method, in which the O À X S , Y S , Z S is the reference coordinate system of scanner. It can be seen from Figure 2 that the scanner emits the scanning beam to the ground, then the scan point P on the ground reflects the scanning beam back to the scan mirror. The time length of the scanning beam returning from the emitter to the receiver via the ground scan point can be collected through the timing function in scanner. 51 Thus, the distance S from the optical center point O of the scanner to the ground scan point P can be calculated and the associated measurement angle u can be measured by a photoelectric encoder in the scanner.
Based on the distance S and the associated angle u, the relative 3D coordinates of the ground scan point P in the reference coordinate system O À X S , Y S , Z S can be calculated. In addition, the instantaneous spatial position and attitude angle of the aircraft platform are measured by emitting and receiving the signals from Beidou navigation satellite system. Through coordinate transformation, the absolute 3D coordinates of the scan point in the CGCS-2000 can be calculated as 52, 53 x cgcs y cgcs z cgcs are the eccentric displacement vectors between receiving antenna and optical center point O of the scanner; K d is the rotation matrix for converting the 3D coordinates of scan point in the reference coordinate system to the inertial coordinate system; d x , d y , d z are the rotation angles between the reference coordinate system and the inertial coordinate system; K u is the rotation matrix related to the angle u; K N is the matrix for converting the 3D coordinates of scan point in the inertial coordinate system to the local coordinate system; and
, in which j, h are the deviation of plumb line in vertical and horizontal directions, respectively.
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K bl is the matrix for converting the 3D coordinates of scan point in the local coordinate system to the CGCS-2000 system, in which b, l are the longitude and latitude of scan point, and the longitude and latitude can be converted by 3D coordinates (x b , y b , z b ) which are measured in Beidou navigation satellite system.
After a scanning beam is emitted from the scanner, the instantaneous data of each parameter (i.e. 
Measuring error of scan point
Certain scan points are initially identified on the scan ground by using both airborne scanner and common measuring apparatus (i.e. electronic total station is used to measure x, y coordinates, and level instrument is used to measure z coordinate). As both the measurement accuracy of electronic total station in x, y coordinates and level instrument in z coordinate is within 1 mm, 54-57 the value differences of x, y coordinates between airborne scanning and electronic total station measuring are deemed as the measuring errors (Dx, Dy). The value difference of z coordinate between airborne scanning and level instrument measuring is deemed as the measuring error Dz. Therefore, the measuring errors of 3D coordinates can be written as where Dx, Dy, and Dz are the coordinate errors in xÀ, yÀ, and zÀaxes directions, respectively, and x cgcs , y cgcs , and z cgcs are the x, y, and z coordinates of scan point measured by airborne scanner. x 1 , y 1 , and z 1 are the x, y, and z coordinates of point measured by electronic total station and level instrument.
Q indicates the calculated total 3D coordinate errors. All the coordinates in equation (2) are based on the definitions given in CGCS-2000.
According to equation (1) and the measurement principle of airborne scanner, flying height of aircraft, flying speed of aircraft, scanning frequency of scanner, aspect angle between scanner and scan point, course angle of aircraft, and ground condition can be listed as the working parameters affecting the measurement accuracy. Although the latitude and longitude coordinates of measured area are also influencing factors, they are difficult to be investigated as infinite experiments are required. Thus, they are not considered in the analysis.
The following will be focusing on how to obtain the optimal configuration values of the working parameters. The configuration characteristics and change laws of each parameter on 3D coordinate errors will also be investigated.
Experiment preparation and design
Research procedures of performing RSM
The procedures of applying the RSM as an optimization technique are given as follows: (1) identifying the independent variables affecting the measurement system and determining the lower, middle, and upper levels of the design variables; (2) carrying out the experiments according to the selected experimental matrix; (3) analyzing the experimental data by using the fit of a polynomial function; (4) evaluating the model accuracy; (5) verification of the necessity and possibility of performing a displacement in direction to the optimal region; and (6) obtaining the optimum values for each studied variable.
Research instrument, software, and location
The research instruments include airborne scanner, electronic total station, and level instrument. The airborne scanner system used in experiments contains unmanned aircraft (P540H) and airborne scan system (AS100) which are made by Shanghai Huace Navigation Technology Ltd. The electronic total station and level instrument are Nova TS50 and LS15 made by Leica Geosystems Ltd.
The software used in this paper for the experimental design and analysis is Design-Expert 7.0. The software can be used to intuitively draw contour map and 3D graph and determine the optimization scheme of the experiments. The measured area is located in an open area in the zone of Shiyan City, Hubei Province, China, which locates at 32°39#N and 110°47#E.
Experimental design based on RSM
The entire experiment is divided into two parts, namely, preliminary experiments and main experiments. The aim of preliminary experiments is to determine appropriate lower, middle, and upper levels for the design variables, and analyze the influence of single design variable parameters on measurement accuracy of airborne scanner. There are six groups of preliminary experiments. In each group, the investigated parameter is a variable and others are set as recommended initial settings. The levels of speed range from 20 to 100 m/s. Period of sinusoidal wave topography (ground feature) ranges from 50 to 100 m. Scan frequency ranges from 20 to 100 Hz. Course angle ranges from 0°to 90°. Aspect angle ranges from 10°to 30°and height ranges from 100 to 500 m.
In the main experiments, a six-factor and a threelevel response surface design consisting of 53 experimental runs is employed at the center point. The response surface design is following a Box-Behnken design. The effects of unexplained variability in the observed response due to extraneous factors were minimized by randomizing the order of experiments. The independent design parameters are the speed (N 1 , m/s), ground feature (N 2 ), scan frequency (N 3 , Hz), course angle (N 4 ,°), aspect angle (N 5 ,°), and height (N 6 , m), while response variable is a 3D coordinate error (N 1 , N 2 , N 3 , . . . , N 6 are the serial numbers of the six design variable parameters).
Data analysis
Experimental data were fitted to a second-order polynomial model. 58 The generalized second-order polynomial model used in the response surface analysis is as follows
where b 0 , b i , b ii , and b ij are the regression coefficients for intercept, linear, quadratic, and interaction terms, respectively, and N i and N j are the independent variable parameters. The independent parameters and their response variables are used to establish the response surfaces and contour plots while holding a variable parameter constant in the second-order polynomial model. When the results showed a saddle point in response surfaces, the estimated ridge of the optimum response can be computed. Optimal conditions for the accurate scanning of airborne scanner depend on speed, ground feature, scan frequency, course angle, aspect angle, and height which were all obtained by using the predictive equations from RSM. The total 3D coordinate error in measurement is estimated with optimal working parameters in the airborne scanner. The experimental and predicted values are compared with the results in order to validate the model.
Results and discussion
Analysis of preliminary experimental results
The results of the preliminary experiment are shown in Figure 3 .
The influence of flight speed. In this group of experiments, the actual value of sinusoidal wave period is 50 s, scan frequency is 75 Hz, course angle is 45°, aspect angle is 20°, and flight height is 300 m. These are all constant. It can be known from Figure 3 The influence of ground feature. Period of sinusoidal wave topography is the parameter of ground feature. In this group of experiments, the flight speed is set at 60 m/s, scan frequency is set at 75 Hz, course angle is set at 45°, aspect angle is set at 20°, and flight height is set at 300 m. The change law between period of sinusoidal wave and 3D coordinate error is shown in Figure 3 (b). It shows that the 3D coordinate error decreases with increasing period of sinusoidal wave topography up to 50 m and then begins to increase with increasing period of sinusoidal wave topography. The reason is that when the amplitude of sinusoidal wave topography is constant, the larger the period of sinusoidal wave topography is, the flatter the ground surface is. A large scan area in one period of sinusoidal wave will affect the measurement accuracy. Results indicate that when the amplitude of sinusoidal wave topography is 5 m, the best ground feature for measurement is that the period of sinusoidal wave topography is close to 50 m.
The influence of scan frequency. In this group of experiments, the flight speed is set at 60 m/s, sinusoidal wave period is set at 50 m, course angle is set at 45°, aspect angle is set at 20°, and flight height is set at 300 m. It can be seen from Figure 3 (c) that the curve of 3D coordinate error has three stages: Stage 1 is the period before the scan frequency up to 80 Hz where the 3D coordinate error decreases with increasing of scan frequency; Stage 2 is the period when scan frequency changes from 80 to 90 Hz while the 3D coordinate error is almost unchanging; and Stage 3 is the period when scan frequency is more than 90 Hz, the 3D coordinate error starts to increase slowly. Results indicated that when the scan frequency ranges from 80 to 90 Hz, the measurement accuracy of airborne scanner is the best.
The influence of course angle. In this group of experiments, the actual values of flight speed of 60 m/s, sinusoidal wave period of 50 m, scan frequency of 75 Hz, aspect angle of 20°, and flight height of 300 m are all constant. The change law between course angle and 3D coordinate error is shown in Figure 3 (d). It shows that the curve of 3D coordinate error has three stages: Stage 1 is the period before the course angle up to 45°where the 3D coordinate error declines with increasing of course angle, and the decline rate is gradually decreasing; Stage 2 is the period when course angle up from 45°to 60°where the 3D coordinate error is nearly constant; Stage 3 is the period when course angle is more than 60°, the 3D coordinate error begins to increase and the change rate is gradually increasing. Results indicated that the best course angle for the measurement of airborne scanner ranges from 45°to 60°.
The influence of aspect angle. In this group of experiments, the flight speed is set at 60 m/s, sinusoidal wave period is set at 50 m, scan frequency is set at 75 Hz, course angle is set at 45°, and flight height is set at 300 m. The change law between aspect angle and 3D coordinate error is shown in Figure 3 (e). It shows that before the aspect angle increases up to 25°, the 3D coordinate error decreases with increasing of aspect angle. When the aspect angle increases to a value more than 25°, the 3D coordinate error starts to increase with increasing of aspect angle. The reason is that when the height of scanner is constant, the larger the aspect angle, the farther the distance between the measure point and scanner lens is. Thus, the measurement accuracy will be affected accordingly. Results indicate that the best aspect angle for measurement in this experiment is close to 25°.
The influence of flight height. In this group of experiments, the flight speed is set at 60 m/s, sinusoidal wave period is set at 50 m, scan frequency is set at 75 Hz, course angle is set at 45°, and aspect angle is set at 20°. The change law between flight height of unmanned aircraft and 3D coordinate error is shown in Figure 3 (f). It shows that the 3D coordinate error increases with the increasing of flight height. The main reason is the increasing travel distance of the scanning beam from emitter to scan point. It may be more seriously disturbed and interrupted in the process of measurement. Figure 3 (f) also indicates that when the flight height is less than 300 m, the 3D coordinate error will not change too much anymore.
Results of main experiment
Based on the preliminary experiment, the independent variable parameters and their actual values used for optimization are determined and showed in Table 1 The detailed value of the six parameters in the experiments designed for RSM and the values of response variable (3D coordinate error) are shown in Table 2 . Flight height m F 100 300 500 Table 2 shows that when the values of speed change from 20 to 100 m/s, period of sinusoidal wave topography (ground feature) changes from 50 to 100 m, scan frequency ranges from 20 to 100 Hz, course angle changes from 0°to 90°, aspect angle changes from 10°t o 30°, height changes from 100 to 500 m, and the maximum experimental values of Dx, Dy, and Dz are 22.74, 21.19, and 26.58 cm, respectively. The minimum 
Efficiency evaluation of response surfaces
The verification index of the experimental results is calculated and shown in Table 3 . In Table 3 , the ''Model F-value'' of 5.44 and ''Lack of Fit F-value'' of 4.35 imply that the model is significant and the influence of different parameters on the 3D coordinate error can be well described by the response surface model. The ''Model P-value'' of 0.0001 and ''Lack of Fit P-value '' of 0.0815 imply that there is only 0.01% chance that the model could fail and only 8.15% chance that the model is lack of fit. The coefficient of determination is 0.907 (R2), which indicates the regression model is performing well.
Evaluation and optimization of independent parameters
In Table 3 , ''P-value'' indicates the influence of independent parameters on 3D coordinate errors. The smaller the value is, the higher the influence is. Thus, it can be concluded from Table 3 that the parameters can be ordered by their influences as flight height, flight speed, ground feature, aspect angle, scan frequency, and course angle. P-value less than 0.05 indicates that model terms are significant. In this case, parameters A, B, E, and F are significant model terms, which indicate that flight speed, ground feature, aspect angle, and flight height are the parameters which can significantly influence the 3D coordinate error in measurement. Values greater than 0.10 indicate that the model terms are not significant. Thus, both the scan frequency and course angle are not the significant parameters.
According to the generalized second-order polynomial model and experimental results, the response surfaces of interaction between different independent parameters on 3D coordinate error of measurement are drawn in Figures 4 to 18 . Figure 4 shows the effects of flight speed and ground feature on 3D coordinate error of measurement accuracy. In this response surface, the actual value of scan frequency is 75 Hz, course angle is 45°, aspect angle is 20°, and flight height is 300 m. When the ground feature is constant, the 3D coordinate error decreases with the speed before the speed up to 46.14 m/s, and after that the 3D coordinate error increases with the speed. Similarly, when the speed is constant, the 3D coordinate error decreases at first and then increases with ground feature. The optimum values of speed and ground feature are 46.14 m/s and type 2. Moreover, a value of 0.0197 for ''AB P-value'' (Table 3) indicates that the interaction between flight speed and ground feature is significant on 3D coordinate error. Figure 5 shows the effects of flight speed and scan frequency on 3D coordinate error of measurement accuracy. In this response surface, the actual value of ground feature is type 2, course angle is 45°, aspect angle is 20°, and flight height is 300 m. When the scan frequency is constant, the 3D coordinate error decreases with the speed before the speed up to 46.14 m/s. After that, the 3D coordinate error increases with the speed. When the speed is constant, the 3D coordinate error slowly decreases before the scan frequency up to 88 Hz and then increases very slowly. The optimum values of speed and scan frequency are 46.14 m/s and 88 Hz. Moreover, a value of 0.9527 for ''AC P-value'' (Table 3) indicates that the interaction between flight speed and scan frequency is not significant on 3D coordinate error. Figure 6 shows the effects of flight speed and course angle on 3D coordinate error of measurement accuracy. In this response surface, the actual value of ground feature is type 2, scan frequency is 75 Hz, aspect angle is 20°, and flight height is 300 m. When the course angle is constant, the 3D coordinate error decreases with the speed before the speed up to 46.14 m/s, and after that the 3D coordinate error increases with the speed. Similarly, when the course angle is constant, the 3D coordinate error slowly decreases at first and then slowly increases with course angle. The optimum values of speed and course angle are 46.14 m/s and 54.4°. Moreover, a value of 0.7144 for ''AD P-value'' (Table  3) indicates that the interaction between flight speed and course angle is not significant on 3D coordinate error. Figure 7 shows the effects of flight speed and aspect angle on 3D coordinate error of measurement accuracy. In this response surface, the actual value of ground feature is type 2, scan frequency is 75 Hz, course angle is 45°, and flight height is 300 m. When the speed is constant, the 3D coordinate error slowly decreases with the aspect angle before the aspect angle up to 24.12°, and after that the 3D coordinate error increases. Similarly, when the aspect angle is constant, the 3D coordinate error decreases at first and then increases with speed. The optimum values of speed and aspect angle are 46.14 m/s and 24.12°. Figure 8 shows the effects of flight speed and flight height on 3D coordinate error of measurement accuracy. In this response surface, the actual values of ground feature of type 2, scan frequency of 75 Hz, course angle of 45°, and aspect angle of 20°are all constant. When the speed is constant, the 3D coordinate error decreases with flight height before the flight height up to 215.92 m, and after that the 3D coordinate error increases. Similarly, when the height is constant, the 3D coordinate error decreases at first and then increases with speed. The optimum values of speed and height are 46.14 m/s and 215.92 m, respectively. Figure 9 shows the effects of ground feature and scan frequency on 3D coordinate error of measurement accuracy. In this response surface, the actual values of flight speed of 60 m/s, course angle of 45°, aspect angle of 20°, and flight height of 300 m are all constant. When the ground feature is constant, the 3D coordinate error decreases with the scan frequency before the scan frequency up to 88 Hz, and after that the 3D coordinate error increases. Similarly, when the scan frequency is constant, the 3D coordinate error decreases at first and then increases with ground feature. The optimum values of ground feature and scan frequency are type 2 and 88 Hz, respectively. Figure 10 shows the effects of ground feature and course angle on 3D coordinate error of measurement accuracy. In this response surface, the actual value of flight speed is 60 m/s, scan frequency is 75 Hz, aspect angle is 20°, and flight height is 300 m. When the ground feature is constant, the 3D coordinate error decreases with course angle before the course angle up to 54.4°, and after that the 3D coordinate error increases. Similarly, when the course angle is constant, the 3D coordinate error decreases at first and then increases with ground feature. The optimum values of ground feature and course angle are type 2 and 54.4°. Figure 11 shows the effects of ground feature and aspect angle on 3D coordinate error of measurement accuracy. In this response surface, the actual values of flight speed of 60 m/s, scan frequency of 75 Hz, course angle of 45°, and flight height of 300 m are all constant. When the ground feature is constant, the 3D coordinate error decreases slowly with aspect angle before the aspect angle up to 24.12°, and after that the 3D coordinate error increases. Similarly, when the aspect angle is constant, the 3D coordinate error decreases at first and then increases with ground feature. The optimum values of ground feature and aspect angle are type 2 and 24.12°. Figure 12 shows the effects of ground feature and flight height on 3D coordinate error of measurement accuracy. In this response surface, the actual value of flight speed is 60 m/s, scan frequency is 75 Hz, course angle is 45°, and aspect angle is 20°. When the ground feature is constant, the 3D coordinate error decreases with height before the height up to 215.92 m, and after that the 3D coordinate error increases. Similarly, when the height is constant, the 3D coordinate error decreases at first and then increases with ground feature. The optimum values of ground feature and height are type 2 and 215.92 m, respectively. Moreover, a value of 0.0095 for ''BF P-value'' (Table 3) indicates that the interaction between ground feature and flight height is significant on 3D coordinate error.
Figures 13215 show the interaction effects of ''scan frequency and course angle,''''scan frequency and aspect angle,'' and ''scan frequency and flight height'' on 3D coordinate error of measurement accuracy, respectively. In Figure 13 , the actual value of flight speed is 60 m/s, ground feature is type 2, aspect angle is 20°, and flight height is 300 m. In Figure 14 , the actual value of flight speed is 60 m/s, ground feature is type 2, and flight height is 300 m. In Figure 15 , the actual values of flight speed of 60 m/s, ground feature of type 2, course angle of 45°, and aspect angle of 20°are all constant. It can be concluded from Figures 13 to 15 flight height,'' and ''aspect angle and flight height'' on 3D coordinate error of measurement accuracy. In Figure 16 , the actual value of flight speed is 60 m/s, ground feature is type 2, scan frequency is 75 Hz, and flight height is 300 m. In Figure 17 , the actual value of flight speed is 60 m/s, ground feature is type 2, scan frequency is 75 Hz, and aspect angle is 20°. In Figure 18 , the actual value of flight speed is 60 m/s, ground feature is type 2, scan frequency is 75 Hz, and course angle is 45°. It can be concluded from where S is the value of response variable (3D coordinate error) and A, B, C, D, E, and F are the parameters of flight speed, ground feature, scan frequency, course angle, aspect angle, and flight height, respectively. By taking the partial derivatives of each response variable parameter, equation (4) 
Verification experiments
Verification experiments performed three times at the predicted optimum conditions (value of variable parameters) derived from analysis by RSM. The average result (minimum 3D coordinate error) in verification experiments is 5.97 cm while the predicted value is 6.45 cm. It can be concluded that experimental values are reasonably close to the predicted values, confirming the validity and adequacy of the predicted models. The verification experiments showed that the predicted values from the RSM are quite close to the experimental values, which validate the proposed approach.
Conclusion
In this paper, the working parameters affecting the measurement accuracy of airborne scanner are evaluated by using the RSM. The results showed that the second-order polynomial model could be used to optimize the use of working parameters for minimizing the 3D coordinate errors. Flight height is found to be the most influencing parameter in measurement accuracy of airborne scanner. Based on the analysis, the optimum values of working parameters for minimizing the 3D coordinate errors are flight speed of 46.14 m/s, ground feature of type 2, scan frequency of 88 Hz, course angle of 54.4°, aspect angle of 24.12°, and flight height of 215.92 m. Under optimized conditions, the experimental values agreed well with the values predicted by response surface models. The results from this study could be used as a reference for engineers to conduct airborne scanner-based measurement.
